Excited-state spectroscopy on a quantum dot side-coupled to a quantum wire 
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We report excited-state spectroscopy on a quantum dot side-coupled to a quantum wire with accurate energy 
estimation. Our method utilizes periodic voltage pulses on the dot, and the energy calibration is performed with 
reference to the bias voltage across the wire. We demonstrate the observation of the orbital excited state and the 
Zeeman splitting in a single dot. 



Semiconductor quantum dots are promising candidates for 
quantum bits (qubits) [lfl. In a conventional dot with two 
leads, the current through the dot as a function of the source- 
drain bias and a gate voltage provides the information of the 
excited states as well as the ground states yfl. However in 
the application to quantum information processing, the num- 
ber of leads is desired to be as small as possible, because the 
connection to the outside circuits brings in quantum decoher- 
ence. Besides the decoherence, a dot with a single-lead has 
a number of advantages such as the spatial compactness, the 
easiness to go down to the few electron regime [3], and so on. 

In single-lead dots, the spectroscopic information is usually 
given through the interference (the Fano effect) |0, S or the 
charge detection [6]. However, these measurements were lim- 
ited to the spectroscopy of the ground states. To overcome 
the difficulty, a method combining remote charge sensing and 
pulsed electrostatic gating was demonstrated for excited-state 
spectroscopy on a nearly closed quantum dot |7|]. Now the 
remaining difficulty is to find out a "measure" for the energy, 
in other words the conversion factor from the gate voltage to 
the energy, without applying finite voltage nor current across 
the dots. So far such conversion is performed by changing the 
effective dot configuration with gate voltages or by numerical 
simulation. The former inevitably causes significant variation 
in the electrostatic parameters, while the latter just gives ap- 
proximate estimation. In order to make precise meaningful 
spectroscopy, a method to obtain the reliable conversion fac- 
tor is indispensable. 

In this letter, we show that the conversion factor can be pre- 
cisely obtained in a specially designed single-lead dot, namely 
a quantum dot side-coupled to a quantum wire. Our method is 
based on the one by Elzerman et al. [7], but differs in that the 
bias voltage can be applied across the quantum wire. When 
the wire length is much shorter than the mean freepath, the 
bias on the wire creates two quasi-Fermi levels JHIa]. If the 
dot can detect the non-equilibrium energy distribution on the 
gate voltage axis, this gives the conversion factor. It is demon- 
strated that the present method can be applied to the measure- 
ment of spin-splittings as well as orbital excited states. 

Figure [TJa) shows a scanning electron micrograph of our 
device fabricated on a GaAs/AlGaAs heterostructure contain- 
ing a 2DEG 60 nm below the surface. Applying negative volt- 
ages on gates S, P, C and W, we prepare a quantum dot which 
couples to a short quantum wire (QW in the figure). A quan- 
tum point contact (QPC), formed between gates S and D, is 



used for remote charge sensing [6]. The potential barrier due 
to gate S is set high enough so that no exchange of electrons 
occurs between QPC and the dot. 

First we describe the experiments at zero bias voltage. A 
train of voltage pulses is applied on the plunger gate P. The 
pulse train is a rectangular wave with duty ratio 0.5, and is 
characterized by amplitude Va, mp , repetition frequency / and 
center voltage Vp [Fig. 02b)]. The synchronized current oscil- 
lation in QPC is lock-in detected. 

The voltage pulses applied on gate P shift the energy lev- 
els in the dot up and down. If an energy level of the dot is 
always above the Fermi level of QW Ep, the level is always 
empty and cannot exchange electrons with QW [Fig. 03d)]. 
The signal in this case reflects the direct capacitive coupling 
between gate P and QPC. When Vp is shifted and E-p gets 
into the region where the level is swinging, and if / is low 
enough, the dot captures and emits an electron in phase with 
the pulse [Fig. [TJ e )]- The captured electron compensates the 
effect of the pulsed voltage on gate P, thus the current oscilla- 
tion through QPC becomes smaller. 
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FIG. 1: (Color online) (a) Scanning electron micrograph of the de- 
vice, (b) Schematic of pulse train applied on gate P. (c) QPC signal 
as a function of Vp. The dips reflect the electron response. N is the 
number of electrons in the dot. (d, e) Schematic energy diagram for 
cases without any electron response (d) and with response (e). In (e), 
an electron moves into/from the dot with tunneling rate T 
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FIG. 2: (Color online) (a) QPC signal as a function of Vp. Vc = 
-0.52 V, Vkmp = 42 mV and / = 735 Hz. (b, c) Schematic energy 
diagram when the total voltage on gate P is Vp + V a m P /2. In (b), 
only the ground state is accessible. In (c), an excited state is also 
accessible, and the effective tunneling rate becomes larger, (d) QPC 
signal as a function of Vp and Vamp. 



Figure [If c) shows a typical signal of QPC as a function of 



Vp (the coupling gate voltage Vc — —0.45 V, V a , 



4.5 mV 



and / = 474 Hz), in which three dips are observed. Here, we 
operate in the regime where tunneling time between the wire 
and the dot 1 /Y is sufficiently shorter than the pulse duration 
t = 1/(2/) and the charge-up of the dot completely follows 
the pulses. For Vp < —0.26 V, dips are no longer observed, 
indicating full depletion of electrons in the dot. 

The following experiments are carried out around a dip 
between zero- and one-electron states. / and Vc are opti- 
mized for making r comparable with 1/r. The QPC sig- 
nal at V c = -0.52 V, V amp = 42 mV and / = 735 Hz is 
shown in Fig. |2|a). The electron response produces a hollow 
in —0.13 < Vp < —0.08 V. This corresponds to an "energy 
window", within which the electrons can go to and from the 
dot. The hollow is deeper in the less negative side (region c). 

This two-step structure is a hallmark of the presence of the 
excited state and interpreted as follows. Because t ~ 1/r, 
the charging of the dot stochastically follows the pulses. In re- 
gion b, movement of electrons occurs only via the ground state 
[Fig-Etb)]. When the total voltage on gate P is Vp + V / amp /2, 
only the ground state is below E-p and can accept an electron 
from QW with tunneling rate T g . On the other hand, in region 
c, an electron can flow into both the ground and excited states 
[Fig.|2c)]. This makes effective tunneling rate r c ff = r g + r c 
larger than Y g and the signals take smaller values, where Y c is 
the tunneling rate of the excited state. Since the measurement 
is performed in zero-magnetic field and one-electron state, the 
excited state is attributed to orbital one. Note that simultane- 
ous occupation with two electrons is prohibited by the charg- 
ing energy and the change in the QPC signal is solely due to 
that in r o ff . 

Figure |2jd) shows the QPC signal as a function of V amp 
and Vp. For clarity, we subtracted the background that comes 
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FIG. 3: (Color online) (a) Schematic energy diagram and the result- 
ing QPC signal when Vbi as is applied across QW. Non-equilibrium 
energy distribution is formed and produces two dips in the signal, (b) 
Shift of the dip position with Vbias applied on contact CI. Vbias is 
changed from — 1 mV (bottom) to 1 mV (top). Traces are vertically 
offset by 0.5. Dotted lines are guides for the movement of dips, (c) 
Dip position as a function of Vbias. The solid line is a fit. (d) Shift of 
the dip position when Vbias is applied on contact C2. 



from the direct coupling to gate P. As expected, the width of 
the hollow region agrees with V amp . The deeper hollow region 



appears around V m 



30 mV. When the excited state is ac- 



cessible, the width of the shallow region is constant against 
Kmip, an d denoted as AVp in the figure. AVp reflects the en- 
ergy difference between the ground and the first excited orbital 
states Ae. The two quantities are connected by a conversion 
factor a (Ae = aAVp). 

Next, to estimate the value of a, we apply finite bias volt- 
age Vbias on contact CI, and contact C2 is grounded. Since 
the mean free path of the electrons is about 3 ^m, and is much 
longer than QW, the energy relaxation in QW is negligible. 
This produces non-equilibrium energy distribution inside QW, 
as illustrated in Fig. [5ta) J3, El- There are two quasi-Fermi 
levels E-p i and Ep2, which correspond to CI and C2 respec- 
tively. Now the dot couples to these two kinds of electrons 
and produces signals for exchanging the electrons with them. 
The condition of V amp is adjusted so that only the ground state 
may be in the energy window. Hence, two dips due to E-pi and 
E-p2 are expected in the QPC signal. 

Figure[3tb) shows the QPC signal with changing Vbi as from 
-1 mV (bottom) to 1 mV (top). We in fact observe two types 
of dips, one of which shifts the position with Vbi as , while the 
other is fixed around Vp = —0. 156 V. The former corresponds 
to Epi . The relation between the dip position and Vbias shows 
excellent linearity. We obtain a by linear fitting [Fig.Oc)]. 
Here, the contribution from series resistance, which is esti- 
mated from the resistance when we remove the confinement 
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FIG. 4: (Color online) (a) QPC signal as a function of Vp and Vkmp at 
14 T. A two-step hollow structure is observed. The width of the shal- 
low region corresponds to the Zeeman splitting, (b) Zeeman splitting 
as a function of magnetic fields. A linear fit gives \g\ = 0.29. 



of QW, has also been subtracted. With this procedure, we 
obtain the value a = 0.075 eV/V. Then the energy differ- 
ence between the ground and excited orbitals Ae is given as 
2.3 meV. We would like to emphasize that this calibration can 
be performed without changing any relevant parameter of the 
side-coupled system. 

In Fig. [3b), the shifting dips have higher visibility, reflect- 
ing the difference in the coupling between the dot and the two 
quasi-Fermi levels. In our device, the entrance of the dot is di- 
rected to CI [Fig. 1(a)]. This asymmetry would make stronger 
coupling between CI and the dot. This is further confirmed 
by grounding CI and sweeping the voltage of C2. As shown 
in Fig. |2d), the clearer dips for CI are fixed and the others 
shift with the bias on C2. These also support the picture that 
the two quasi-Fermi levels are formed and the dot couples to 
them. 

For further checking the validity of our method, we now ap- 
ply it to the Zeeman splitting. Magnetic fields B lift the spin 
degeneracy and produce the Zeeman splitting AEz = g^BB, 
where g is the g-factor and /ib is the Bohr magneton. It has 
been reported that the g-factor in heterostructure is smaller 
than the bulk value of g = —0.44 in GaAs 
We apply in-plane magnetic fields in order to minimize the 
magnetic effect on orbital states of the dot. The QPC signal 
as a function of Vp and T4 mp at 14 T is shown in Fig. Ufa). 
Here, the range of V^mp is limited so that the orbital excited 
state is not visible. The background is again subtracted to 
improve visibility. The two-step hollow structure similar to 
Fig. |2jd) is observed. In this case, the excited state is due to 
lifting of the Kramers degeneracy by magnetic field and the 
width of the shallow region reflects AEz- By calibrating the 
conversion factor at each field, we obtain AEz as a function 



of magnetic field, which is shown in Fig. Hfb). Though the 
signal-to-noise ratio was not high enough to resolve the Zee- 
man splitting at lower fields, the data at high fields align along 
a line pointing the origin as shown in Fig. Etb). The gradient 
gives \g\ = 0.29 in agreement with previous reports on trans- 
port measurements 111 llll2lll3ll . certifying the validity and the 
effectiveness of the present method. 

In this work, we demonstrate excited-state spectroscopy on 
a side-coupled quantum dot with accurate energy estimation 
by utilizing voltage pulse on the dot and energy calibration 
with bias voltage over the wire. The orbital excited state as 
well as the Zeeman splitting are detected with this method 
and the obtained g-factor in the dot is in good agreement with 
the measurements so far reported. 
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